Abstract The cabbage whitefly (Aleyrodes proletella) is a phloem-feeding insect that is a serious problem in Brassica oleracea crops like Brussels sprouts, kale and savoy cabbage. In order to develop whiteflyresistant varieties it is essential to identify effective sources of resistance. In this study, we screened a large collection of 432 accessions, including wild material and landraces of Brassica oleracea as well as crop wild relatives, to determine whitefly performance in a no-choice field experiment. Putatively resistant accessions were further tested under greenhouse conditions. Resistant accessions were identified among B. oleracea var. capitata (cabbage) landraces and in the species B. villosa, B. incana and B. montana. Whereas resistance in cabbage is only expressed in plants of at least 12 weeks old, some wild relatives were already starting to express resistance at 6 weeks. This could open up possibilities for breeding cabbages that are resistant at a young(er) plant age. Our research also shows again the importance of crop wild relatives for finding pest resistances.
Introduction
The cabbage whitefly, Aleyrodes proletella L. (Hemiptera: Aleyrodidae), is a specialized insect that uses its mouthparts (stylets) to feed from the phloem of its host plants, which are found among the Brassicaceae and Asteraceae (Hill 1994) . On susceptible plants, female whiteflies lay their eggs in circular patterns embedded in wax on the underside of the leaves (Broekgaarden et al. 2012) . After one week the eggs hatch and nymphs move a few centimetres to find a suitable feeding site. From this stage onwards they become immobile, feed almost continuously from the phloem and develop through four successive larval stages. At the fourth instar stage they stop feeding and transform into winged adults. The whitefly's life cycle takes about 3-4 weeks depending on the temperature, and up to 4-5 generations can occur per year (Alonso et al. 2009; Ramsey and Ellis 1996; Broekgaarden et al. 2012) . Both adults and nymphs of the cabbage whitefly cause severe cosmetic damage to Brassica crops mainly by secretion of honeydew, a sugary substance on which moulds may grow, and the wax deposited. This reduces the marketability of the crop. Problems are especially severe in kale, Brussels sprouts and savoy cabbage. Because whiteflies feed on the underside of leaves they are difficult to reach with insecticides. Moreover, these insecticides are hazardous to the environment and can also have negative effects on non-target species. The frequent use of insecticides can result in resistance to its active component in cabbage whitefly populations (Springate and Colvin 2012) , rendering them ineffective. Host plant resistance, which may be found in the crop species itself or in related species, is therefore a more desirable and environmentally friendly alternative to control this pest (Broekgaarden et al. 2011) .
Host plant resistance traits that are considered most effective against the cabbage whitefly are based on direct defences (Broekgaarden et al. 2011) . Direct defences involve physical and chemical barriers that negatively affect life history traits of the pest insect. Physical barriers, such as leaf toughness, wax layers or trichomes, mainly serve as a first line of defence by preventing or delaying host plant colonization (Smith and Clement 2012; Voorrips et al. 2008) . In Brassica villosa the presence of trichomes has been associated with resistance to a range of insect pests, including the cabbage whitefly (Palaniswamy and Bodnaryk 1994; Ramsey and Ellis 1996) . Chemical barriers include not only anti-feedant or repellent compounds to prevent colonization, but also toxic compounds that delay or prevent the insect's population increase (Smith and Clement 2012) . Strong repellent and toxic effects against two species of whiteflies, i.e. Bemisia tabaci and Trialeurodes vaporariorum, have been observed in wild tomatoes that possess type IV glandular trichomes (Bleeker et al. 2011; Lucatti et al. 2013; Firdaus et al. 2013) .
So far there is limited knowledge about the mechanisms of host plant resistance towards cabbage whiteflies in Brassica species. Resistant accessions have been identified in several wild species, but their interspecific crosses with B. oleracea failed or F1 plants were susceptible (Ramsey and Ellis 1996) .
Recently, a strong source of whitefly resistance has been identified in the modern cabbage cultivar ''Rivera'' (Broekgaarden et al. 2010) . However, this resistance is highly dependent on plant age and young plants of this cultivar are completely susceptible (Broekgaarden et al. 2012) . Plant age dependent whitefly resistance has also been observed in tomato plants that harbour the Mi-1.2 gene (Nombela et al. 2003) . Young plants carrying the Mi-1.2 gene are completely susceptible to B. tabaci whiteflies, whereas plants become more resistant upon aging. Host plant resistance is not only dependent on plant age but also on leaf age within an individual plant. Differences in resistance levels between young and old leaves have been observed in potato (Solanum tuberosum) against aphids. Probing of the green peach aphid Myzus persicae on young leaves was impeded, whereas no obstacles were found on mature and senescent leaves (Alvarez et al. 2014) .
The main objective of this study was to identify new sources of resistance against the cabbage whitefly in a large collection of Brassica accessions. An effective screening strategy was developed to narrow down the number of whitefly resistant candidate accessions. In a field study, several cycles of nochoice tests were performed that led to the selection of a smaller set of putatively resistant accessions. These accessions were re-tested for whitefly resistance under greenhouse conditions at different plant ages and leaf positions. Finally, we identified accessions with high levels of resistance, which are independent of plant age.
Materials and methods

Plant materials and growth conditions
Seeds of a total of 463 Brassica accessions were obtained from 19 institutes via the Centre of Genetic Resources (CGN; Wageningen, the Netherlands) including 17 accessions from Wageningen UR (additional file 1). Of these accessions 342 were B. oleracea landraces mostly originating from Western and Eastern European countries, 123 of which belonged to the GENRES Brassica core collection (Bas et al. 2003) . Forty-six of the accessions were wild B. oleracea, mostly originating from the United Kingdom. Finally 75 accessions belonged to several wild Brassica species from Mediterranean countries. In all experiments, the white cabbage (B. oleracea var. capitata) cultivars Rivera (Bejo Zaden B.V., Warmenhuizen, the Netherlands) and Christmas Drumhead (CGN14080) were included as resistant and susceptible references, respectively (Broekgaarden et al. 2012) . For all experiments, seeds were germinated in potting compost (Lentse Potgrond, Lent, the Netherlands) in a greenhouse compartment at 20 ± 2°C with an L16:D8 photoperiod and 40-70 % RH. Plants were watered every other day and fertilized with 2.5 mg l -1 Kristalon Blauw (N-P-K-MgO, 19-6-20-3; Hydro Agri, Rotterdam, The Netherlands) every 3 weeks. No chemical treatments for pests and disease control were applied. Seedlings for field evaluation were transplanted after 1 week into small pots and placed outside to acclimatize to field conditions. Plants were planted in the field 4 weeks after transplantation of the seedlings. In total 432 accessions were tested in the field. Accessions with no or very low germination rate were not included (16 B. oleracea landraces, three wild B. oleracea and 12 wild Brassica species). Plant material for greenhouse experiments was transplanted four weeks after sowing into 19 cm pots and grown until a plant age of 6 or 12 weeks.
Insects
The cabbage whitefly, Aleyrodes proletella (Hemiptera: Aleyrodidae), population originated from adults collected in 2008 from a white cabbage field near Wageningen (51°57 0 N, 5°38 0 E), the Netherlands (Broekgaarden et al. 2012 ). This population was maintained on Brussels sprouts (B. oleracea var. gemmifera cv. Cyrus) in a climate chamber at 20 ± 2°C with an L16:D8 photoperiod and 40-60 % RH. All experiments were performed with female whiteflies of mixed ages. Due to a lack of sufficient female whiteflies, the second field selection cycle was performed by using a whitefly population that originated from a white cabbage field at Enkhuizen, which was reared on an unknown susceptible cabbage cultivar (Syngenta, Enkhuizen, the Netherlands).
No-choice field experiment
The no-choice test for cabbage whitefly resistance was carried out according to the protocol developed previously by Broekgaarden et al. (2012) . The field site was located in the neighbourhood of Wageningen (51°57 0 N, 5°38 0 E), the Netherlands (clay soil, conventionally managed). Four week old plants were transplanted into the field with a plant distance of 70 9 70 cm. The experiment consisted of six blocks, each block contained one plant of each of the 432 accessions in a randomized complete block design. The six blocks were arranged in two rows of three blocks each, where both rows were bordered by a single row consisting of random plants from all the accessions to minimize edge effects. The experimental field was surrounded on all sides with at least six meters of a grass mixture of Lolium and Poa species. The no-choice evaluations were performed on 12-16 week old plants except for all B. fruticulosa and some wild B. oleracea accessions which flowered early (around six weeks after sowing); these accessions were sown again and nonflowering plants were tested at a plant age of four weeks, at the same time as the other accessions and in the same way. Each block was evaluated only once. The first cycle was performed using all 432 accessions within one block. Accessions were evaluated with a single clip cage per plant containing five female whiteflies on the underside of the top most fully expanded leaf. Whiteflies were anaesthetized with a gas mixture (N 2 :H 2 :CO 2 80:10:10; Linde Gas Benelux B.V., Schiedam, The Netherlands) to enable selection of females and transfer. After seven days the clip cages were removed and the number of whiteflies and eggs were counted. Adult survival was determined by dividing the number of living adults by the total number of adults (dead and alive) in the clip cage. Oviposition rate (the number of eggs produced per female per day) was calculated as the total number of eggs divided by the sum of the number of living females and half the number of dead females at the final observation, divided by the number of days of infestation (Broekgaarden et al. 2012) . Accessions with an adult survival of zero and/or an oviposition rate lower than one eggÁfemale -1 Áday -1 were selected for a new cycle. Putative resistant accessions and accessions with missing observations (empty clip cages, due to uneven leaf surface which made escape of whiteflies possible) were evaluated in the second cycle under similar conditions using the same selection criteria. Five highly susceptible Euphytica (2015) 202:297-306 299 accessions from the first cycle were included in the second and third cycle as susceptible controls. After the second cycle all putatively resistant accessions were tested in a third and final evaluation with four biological replicates per accession (four plants from four different blocks). Several whiteflies were able to escape from the clip cages due to uneven leaf surface. Data from clip cages with less than four whiteflies (alive ? dead) as well as from accessions with less than two replicates were removed from the analysis.
No-choice greenhouse experiments
Due to the limited availability of greenhouse space a selection of plant material had to be made. The putatively most resistant accessions per species were included based on REML (restricted maximum likelihood, see additional file 2), analysis of the third evaluation of the field test, where accessions with less than two non-missing data were excluded. Two independent greenhouse experiments were carried out to investigate possible effects of plant age on whitefly resistance. In one experiment we monitored whitefly performance on plants of crop wild relatives, wild B. oleracea accessions and non-heading B. oleracea landraces and in the other greenhouse experiment we tested heading cabbage landraces. Both experiments included the cabbage cultivars Rivera and Christmas Drumhead. All selected accessions were evaluated when plants were 6 and 12 weeks old. Plants were ordered in a complete randomized block design with five biological replicates per accession. Plants received three clip cages, each containing five female whiteflies of random age at three different leaf positions; apical (fully expanded), middle and basal leaf position. One week after infestation the number of living whiteflies and eggs were counted to determine adult survival and oviposition rate as described for the field experiment. Again . Affected (S) accessions were discarded, unaffected (R) accessions were selected for a second cycle including accessions with missing observations (empty clip cages). After two selection cycles putative resistant accessions were tested in a third and final screening using 4 plants per accession. Forty-eight accessions were identified for which adult survival and oviposition rate were not significantly different from zero, additional file 2 results from clip cages with less than four whiteflies (living ? dead) were discarded. All greenhouse experiments were carried out at the facilities of Unifarm (Wageningen, The Netherlands).
Statistical analysis
All statistical analysis were performed in Genstat (15th edition, VSN International Ltd, United Kingdom). Adult survival (fraction surviving adults) and oviposition (eggsÁfemale -1 Áday -1 ) from field and greenhouse observations were first transformed to normalize the distribution of the residuals: adult survival was transformed as arcsine [square root(x)] and oviposition as log10 (x ? 1).
Field experiments; statistical analysis were performed on data obtained from the third cycle only. Transformed data for adult survival and oviposition rate were analysed by REML, were accession was taken as fixed and replication as random effect. The least square means for adult survival and oviposition rate were back-transformed to the original scales and mean separation was done (on the transformed scale) by calculating Fisher's LSD (P \ 0.05), see additional file 2.
Greenhouse experiments with 6 and 12 weeks old plants were performed at different moments and analysed separately. Transformed data for adult survival and oviposition rate were analysed by two way ANOVA (analysis of variance), where accession and leaf position were taken as fixed and replication as random effect. The least square means for adult survival and oviposition rate were back-transformed to the original scales and mean separation (on the transformed scale) was done by calculating Fisher's LSD (P \ 0.05). 
Results
Selection of potentially resistant Brassica accessions under field conditions
An effective strategy was developed to evaluate a large germplasm collection (Fig. 1) . From the 432 accessions that were evaluated in the first cycle, 183 were clearly susceptible (adult survival [ 80 % and/ or oviposition rate [ 1 egg female -1 day -1 ) and therefore excluded. The remaining 249 accessions included 217 putatively resistant accessions and 32 accessions with missing observations due to empty clip cages. These 249 accessions were re-tested in a second cycle in which 129 accessions were clearly susceptible, 104 putatively resistant and 16 missing observations. These 104 putative resistant accessions were re-tested in a third and final cycle. After eliminating 33 accessions for which insufficient data was obtained, the results of the remaining 71 accessions were analyzed statistically. Within these 71 accessions we identified 48 accessions for which adult survival and oviposition rate were not significantly different from zero, additional file 2. This group included resistant accessions of wild species B. incana, B. montana, B. rupestris and B. villosa (Table 1 ). In addition, several wild B. oleracea accessions and landraces, mainly heading cabbage, were classified as resistant.
Validation of field results under greenhouse conditions
Putatively resistant accessions under field condition were tested under greenhouse conditions at a plant age of 12 weeks. Results of the apical leaf position are shown in Tables 2 and 3 for wild relatives and heading cabbage, respectively. Resistance levels of accession BRA 2856 (B. incana) and K 6926 (B. villosa) were similar to that of cv. Rivera with respect to adult survival and oviposition rate. The putatively resistant wild B. oleracea Ro-101 and five B. oleracea var. acephala landraces were susceptible under our greenhouse conditions, similar to cv. Christmas Drumhead. Resistant cabbage landraces were as resistant as cv. Rivera, i.e. no significant differences for adult survival 
Effect of plant age and leaf position
Results from a previous study on the apical leaves of cabbage cv. Rivera showed that the resistance to cabbage whitefly is not expressed in 6 week old plants, while 12 week old plants are highly resistant (Broekgaarden et al. 2012) . Comparable results for the apical leaves were obtained for several cabbage landraces (Table 3 ). Resistance at a plant age of 6 weeks was only observed in wild species. Complete resistance for the apical leaves, i.e. zero adult survival and zero oviposition, was observed in B. incana (Table 2) . Additionally, high levels of resistance (adults survival \ 20 % and/or oviposition rate \ 0.3) were observed in B. villosa and B. montana. Three different leaf positions (apical, middle and basal leaf) were evaluated to determine whether the resistance is leaf age dependent. An effect of leaf age was observed for the leaves in 12 week old cabbage plants. Apical and middle leaves were highly resistant whereas basal leaves were susceptible (results not shown). Six week old cabbage plants were susceptible at all leaf positions. Only the resistance in 6 week old wild species was leaf age dependent. Significant differences in resistance were observed between the apical, middle and basal leaf positions of wild species (Table 4) . The apical leaf showed no or a very low adult survival and oviposition rate, whereas the basal leaf of the same plant showed a high adult survival and oviposition rate. No effects of leaf age were observed in 12 week old wild species.
Discussion
Selection of whitefly-resistant Brassica accessions under field and greenhouse conditions Environmental conditions can strongly affect the outcome of evaluations aimed at identifying insect resistant plant material (Porter et al. 1991) . Especially when natural infestation is used to select resistant material under field conditions, one runs the risk of susceptible plants escaping infestation (Kim et al. 1999; Kumar et al. 2011) . To prevent this we used a series of no-choice tests to successively eliminate the obviously susceptible accessions. As we used a single plant per test, we may have missed some resistance in heterogeneous accessions. Nevertheless, we still could identify putatively resistant accessions among B. oleracea landraces, wild B. oleracea, and crop wild relatives (Table 1) . Using this approach we were able to screen a very large number of accessions under field conditions for whitefly resistance in a cost efficient way and in a relatively short period of time. Subsequent testing of the selected accessions under greenhouse conditions showed that many of them indeed were resistant. However, we also found some accessions that were resistant under field conditions, (Maggioni et al. 2010 ). Many of the wild forms of B. oleracea that we evaluated originated from the Atlantic coasts of Europe, particularly the United Kingdom. Putative resistance was identified in several of these wild B. oleracea accessions under field conditions. However these accessions proved to be susceptible under greenhouse conditions with the exception of ''Kimmeridge'', a wild B. oleracea which was collected along the south coast of the United Kingdom (50°35 0 N, 2°03 0 E). The resistance in Kimmeridge may be explained by the elevated concentrations of sinigrin, an aliphatic glucosinolate that has been shown to be involved in defense against herbivore attack (Newton et al. 2009 ). During a one-year survey of 12 wild cabbage populations of the coastline of Southwest UK, reduced infestation rates of cabbage whiteflies were positively correlated with increasing levels of sinigrin (Newton et al. 2010) .
Landraces can play an important role in terms of genetic variation for further crop improvements (Fernie et al. 2006) . We scored some landraces of kale (var. acephala) and cabbage (var. capitata) as putatively resistant under field conditions; the resistance of cabbage (but not that of kale) was confirmed under greenhouse conditions. Resistance in cabbage was already observed in cv. Rivera (Broekgaarden et al. 2010 (Broekgaarden et al. , 2012 . Our results suggest that the resistance in cv. Rivera is not unique but relatively frequent among cabbage landraces. Cabbage landraces that originated from Eastern European countries are overrepresented among resistant accessions (Table 3) . From all European cabbage landraces, twenty-one percent of the Eastern European cabbage landraces was resistant under field and greenhouse conditions whereas only four percent of the Western European cabbage was resistant. Whether there is a longer history of coevolution or a stronger selection by East European breeders or growers is not known.
Whitefly resistance in wild relatives of B. oleracea
Wild relatives may be a valuable source for insect resistance, when resistance within the crop species is absent (Firdaus et al. 2013; Maharijaya et al. 2012; Lucatti et al. 2013) . Resistant accessions were identified in the wild species B. villosa, B. incana and B. montana. Medium to high levels of resistance were observed in B. villosa. All B. villosa accessions tested were densely covered with non-glandular trichomes, suggesting that the resistance may be caused by the presence trichomes (Nayidu et al. 2014 ). This hypothesis was further strengthened by the observation that one B. incana accession (BRA2856) was also densely covered by non-glandular trichomes and fully resistant, whereas all other B. incana accessions were glabrous and completely susceptible.
Resistance in B. montana against phloem feeding insects has been reported by Kumar et al. (2011) . We also observed clear differences in whitefly resistance between B. montana accessions with respect to adult survival and oviposition rate on the apical leaves of 6 and 12 weeks old plants (Table 2) . So far no obvious defence mechanism could be assigned. We are planning to study an F2 population from a cross between the resistant and susceptible B. montana accession as a first step to get a better insight into the resistance mechanism against the cabbage whitefly.
All accessions of B. cretica, B. fruticulosa, B. macrocarpa showed susceptibility under field conditions. Nevertheless B. fruticulosa has been described as a source for resistance to insects (Jensen et al. 2002; Pink et al. 2003; Kumar et al. 2011) , including cabbage whitefly (Ramsey and Ellis 1996) . The discrepancy between our results and the last study may be due to the fact that their field evaluation allowed the insects to select a host plant, whereas we used a no-choice assay. Accessions of B. spinescens and B. maurorum showed promising results in the first and second cycle in the field but unfortunately these accessions could not be tested in the third and final field screening due to low germination rate. Nevertheless resistance to whitefly may be present in these species, as was described for B. spinescens (Ramsey and Ellis 1996) .
Seed material of wild species was difficult to obtain due to several reasons, one of them being the fact that only a limited number of accessions of crop wild relatives were present in the genebank collections. It is therefore of imperative importance that a good conservation strategy for crop wild relatives will be developed and that more material is collected from the wild. This will hopefully lead to an easier access and will be of great value for future research purposes and breeding programs (Maxted et al. 2012 ).
Plant age and leaf position dependent resistance Age dependent resistance was observed in cabbage landraces (Table 3) . Results from greenhouse experiments on six and twelve weeks old cabbage plants showed that resistance increases during plant aging. This type of resistance was already described for the cabbage cv. Rivera (Broekgaarden et al. 2010 (Broekgaarden et al. , 2012 and is now shown for many other cabbage landraces as well. The increasing resistance may be linked to the time of natural whitefly infestation in the field, suggesting that cabbage plants invest in direct defense responses against the cabbage whitefly when needed (Boege and Marquis 2005) . Age dependent resistance was not recognized in earlier studies (Ramsey and Ellis 1996; Nebreda et al. 2005) . In those studies, experiments were performed at the six true leaf stage, which is comparable to our 6 week old plants stage. At that stage all cabbage landraces are susceptible. Without chemical treatment, infestation of whitefly will take place during the first weeks after transplanting, at a plant age of about 5-7 weeks. From a growers point of view an early stage resistance would therefore be much more desirable. The resistance that was observed in apical leaves of 6 week old plants of several wild relatives of B. oleracea could open up the possibility to breed for resistance to the cabbage whitefly at young plant age. However, there were significant differences in resistance between leaf positions. Younger leaves were more resistant than old leaves suggesting that resistance is expressed in leaves as they are formed, depending on the developmental stage of the plant, and that resistance does not increase in existing leaves.
Conclusion and perspective
By performing a large germplasm screen we identified several accessions of wild Brassica species and cabbage landraces with high levels of resistance against the cabbage whitefly. The resistance observed in several cabbage landraces is likely of the same type as the resistance that has been described for the F1-hybrid cabbage cv. Rivera (Broekgaarden et al. 2012) , which is first observed in 12 weeks old plants. In accessions of the crop wild relatives B. villosa and B. incana the resistance is probably based on the presence of trichomes and is already starting to be expressed in 6 week old plants.
The next step in this research will be a mapping study to unravel the genetics of the resistance in the different accessions. This will shed light on the complexity of the resistance, generate markers linked to it, and give a good indication of the ease with which the trait may be introgressed to produce whitefly resistant Brassica crops.
